A method for sample characterization using energy-dispersive X-ray diffraction computed tomography (EDXRDCT) is presented. The procedures for extracting diffraction patterns from the data and the corrections applied are discussed.
Introduction
X-ray diffraction (XRD) is typically used for studying the structure of crystalline substances, the inter-atomic and inter-molecular distances determining the presence of sharp peaks characteristic of each material.
However, structures characterized by a certain degree of short-range order, such as amorphous materials or biological tissue, still give rise to diffraction patterns featuring one or more broad peaks.
Diffraction patterns for weakly ordered structures, such as biological tissue, are often expressed as a function of momentum transfer, χ = 1/λ sin (ϑ/2), where λ is the X-ray wavelength and ϑ is the scattering angle. The corresponding inter-atomic or inter-molecular spacing investigated is d=1/(2χ). Hence, different distances can be investigated depending upon the combination of angle and beam energy, X-ray diffraction acting as a probe at the molecular and sub-molecular level. The diffraction properties of amorphous materials, such as biological tissue, are explored in SAXS (Small Angle X-ray Scattering) experiments, based on monochromatic beams and fixed 2-dimensional detectors, or in XRD experiments, based either on monochromatic beams and angular scanning of a point-like detector (angledispersive XRD) or on polychromatic beams and a spectroscopic detector at a fixed angle (energy-dispersive XRD).
SAXS experiments usually explore spacings in the range up to 100 nm, whereas typical XRD experiments deal with spacings the order of a few nm.
Several studies, based both on the SAXS (Lewis et al, 2000; Fernandez et al, 2002; Round et al, 2005; Suhonen et al, 2005; Sidhu et al, 2009 ) and on the XRD modality (Kidane et al, 1999; Poletti et al, 2002; LeClair et al, 2006; Ryan and Farquharson, 2007; Oliveira et al, 2008) , have shown the feasibility of breast tissue characterization. Of particular interest is the possibility of discriminating healthy and neoplastic tissue. This is due to an altered arrangement of collagen in tumour with respect to healthy tissue (Fernandez et al, 2002; Suhonen et al, 2005) , to invasion of healthy tissue by tumour causing the residual adipose tissue component to be reduced (Kidane et al, 1999, Ryan and Farquharson, 2007; Oliveira et al, 2008) , and to broadening of diffraction peaks caused by loss of short-range order in neoplastic tissue with respect to healthy tissue.
Several authors have proved the feasibility of breast tissue characterization in the range 0.5 -4 nm -1 , corresponding to typical molecular spacing of about 1-10 Å. This was done using conventional diffractometers (Poletti et al, 2002; Oliveira et al, 2008) , monochromatic synchrotron radiation (Castro et al 2004) , or energy-dispersive systems (Kidane et al, 1999; Geraki et al, 2004 , LeClair et al, 2006 Ryan and Farquharson, 2007) .
All studies proved that a sharp peak is present in the diffraction profile of adipose tissue for a momentum transfer value χ = 1.1 nm -1 , whereas the diffraction profiles of tumour and of other tissue types have a maximum at about χ = 1.6 nm -1 , due to the predominance of fibroustype tissue, characterized by a large water component. These characteristics were in some cases exploited for momentum transfer-selective diffraction imaging, showing increased contrast compared to conventional imaging. The systems used in these cases were based on monochromatic synchrotron radiation (Harris et al, 2003; Castro et al, 2005; Pani et al, 2007) .
Characterization of tissue specimens above a few mm in thickness, less likely to be uniform along the primary beam path, becomes difficult due to the superposition of signals from tissue components placed at different depths. Computed tomography (CT) overcomes this problem,
in that it provides a three-dimensional map of the distribution of scatter signatures. X-ray diffraction CT (XRDCT) was initially proposed and treated in detail by Harding et al (1987; 1990) . They used two different approaches: in the first one (Harding et al, 1987) images were obtained by tomographic reconstruction of acquired data (sinograms), showing different contrast between details when different momentum transfer values are looked at, whereas in the second one (Harding et al, 1990 ) the intrinsic volume-selectivity of energy-dispersive Xray diffraction was exploited for a voxel-by-voxel acquisition of diffraction patterns from the volume of interest without the need for a reconstruction.
Both approaches were used in more recent years for a wide range of applications, both in XRD and in SAXS experiments (for instance, Hall et al, 2000; Barroso et al, 2001; Schroer et al, 2006; Bleuet et al, 2008; Cernik et al, 2009 ). However, the main limitation for a widespread application of the voxel-by-voxel approach lies in the long acquisition times needed to achieve good statistics when information from small voxels is collected. For this reason, this approach is mostly limited to synchrotron sources.
Data based on sinogram reconstruction XRDCT with conventional sources are fewer and limited to highlighting changes in contrast when the information from different momentum transfer values is exploited (Harding et al, 1987; Griffiths et al, 2007) .
XRDCT was used for tissue imaging in two studies based on synchrotron radiation (Griffiths et al, 2008) and an on energy-dispersive system with a conventional X-ray tube (Griffiths et al, 2007) , respectively. However, these studies only proved the feasibility of tissue discrimination through momentum-transfer selective imaging, featuring increased contrast compared to conventional imaging; the information available within a continuous momentum transfer range, resulting in one case from the possibility of tuning the monochromatic beam energy, and in the other case from the use of a continuous X-ray spectrum, was not fully exploited.
The novelty of the approach presented in this paper lies in the use of XRDCT for extraction of diffraction patterns of tissue over a range of momentum transfer values. This allows tissue characterization, as opposed to simple discrimination as in the above-quoted works. In particular, identification of benign and malignant lesions, for which few data are available so far (Kidane et al, 1999, Ryan and Farquharson, 2007; Oliveira et al, 2008) was feasible in the present study.
We present procedures for data correction and extraction of diffraction patterns from a set of tomograms, as well as the results on a set of of breast tissue specimens.
Materials and methods

Breast tissue samples
Eleven samples of normal, benign and malignant breast tissue were derived from surgical tissues excess to diagnosis, following informed patient consent. The samples were snap frozen in liquid nitrogen and stored in the Barts Breast Tissue Bank according to Local Ethics Approval.
They were kept in sealed, thin-walled plastic tubes (6 mm in diameter) with a brass stopper at one end, transported to the laboratory in dry ice and stored at -35º. During data acquisition they were placed in a brass holder and kept at a temperature between 1ºC and 2ºC by means of a thermo-electric module (SH 1.0-95-05, Melcor, USA) equipped with a heat sink. The brass stopper at one end of the plastic tube ensured thermal contact with the holder. This was done in order to prevent tissue degradation while on the other hand keeping it above 0º, as the freezing of water present in tissue would alter the diffraction profile.
Following imaging, the samples were placed in 10% formal saline for 24-48 hours, after which they were transacted into three pieces, routinely processed and embedded in paraffin.
Sections (4 µm) were cut onto glass slides and stained with Haematoxylin and Eosin.
The energy-dispersive XRDCT system
The energy-dispersive XRDCT (EDXRDCT) system was based around the use of a W-anode A schematic drawing of the system is shown in figure 1 .
A primary beam collimator 1 mm in diameter was aligned with the beam axis. The collimator aperture determined the CT slice thickness. The uniformity along the vertical axis of the imaged slices was verified by scanning the samples with a conventional transmission microCT unit (XTek Benchtop; XTek Inc, Tring, UK). In particular, it was checked that no horizontal boundaries between two regions were present in the slices examined, as in this case the reconstructed data could have been affected by partial volume effects.
The sample holder was placed on a set of rotation-translation stages, and a brass conical collimator was placed between the sample and the detector, allowing the collection of photons scattered around 6º. The collimator was 30 mm long and its aperture was 0.5 mm. The distance between the source and the primary collimator was 400 mm; the distance between the sample and the primary collimator was 15 mm and the distance between the front of the scatter collimator and the sample was 43 mm.
The angular acceptance of the system for a 6 mm thick sample, calculated with a similar procedure to that described in Pani et al (2009) , had a full-width at half maximum of about 0.7º.
The correlation between the energy E of the scattered photons and the momentum transfer χ is given by
where 0.806 is a conversion factor between energy (keV) and momentum transfer (nm -1 ), and ϑ = 6º in this case.
The collimator axis was aligned to the primary beam axis by means of a set of manually controlled rotation and translation stages.
Sinograms were acquired in the "first generation CT" geometry (Swindell and Webb, 1998) , with the sample being scanned in front of the primary beam for the acquisition of a profile and being subsequently rotated for the acquisition of the next profile.
A spectrum of scattered radiation was acquired at each scanning step; the sample scanning was synchronized to the acquisition of spectra using a LabView (National Instruments) custom-written program. Data were collected over 360º; for the present study, the linear scanning step was 750 µm and the angular scanning step was 1.8º. Each profile consisted of 14 steps. All spectra were acquired for 4 seconds.
The incident beam spectrum was calculated from measurement of the Compton scattered radiation (Maeda et al, 2005) . This procedure was adopted in order to avoid pulse pile-up that would occur with a direct measurement.
Image reconstruction
In scatter CT reconstruction the data are treated as emission CT signals, and the reconstruction is done by simply backprojecting the acquired sinogram.
All data corrections and reconstruction procedures were written in IDL (ITT Visual Information Solutions, USA).
A first approximation to the reconstructed tomogram was obtained by reconstructing the sinogram by means of a filtered backprojection algorithm with a gen-Hamming filter (Herman 1980) . A correction for attenuation of X-rays within the sample was applied a posteriori.
Attenuation correction
Consider a position x along the direction orthogonal to the beam (i.e. the sample scanning direction).
The numbers of photons of energy E scattered at an angle ϑ ± dϑ from a layer of thickness dz at a depth z (see figure 2) along the beam direction is
where N(x,z,E) is the number of photons reaching depth z inside the sample, µ s is the linear differential scatter coefficient in the position (x,z) within the selected sample slice, N 0 is the number of photons incident on the sample and µ=µ(E) is the linear attenuation coefficient.
For pure elastic scattering, µ s is correlated to the elastically scattered cross section by
where N is Avogadro's number, M is the molecular weight of the material, ρ is the material density, (dσ T /dΩ) is the Thomson differential cross section and F 2 m is the molecular form factor, describing the spatial distribution of electrons responsible for the interference of the scattered waves and hence for the shape of the diffraction pattern.
Scattered photons are attenuated by the underlying layers of tissue. Assuming that the angle ϑ is small, and hence that the approximation D~D cos(ϑ) holds, that the sample composition varies slowly along the vertical axis and that only single scatter events occur along the thickness of the sample (assumption acceptable due to the small thicknesses involved), the number of detected photons can be approximated as
where L=L(x) is the thickness of the sample along the direction parallel to the primary beam in the position x.
The total number of detected photons of energy E is hence
Now a distribution map of µ s can be obtained with a mathematically correct reconstruction procedure because its line integrals collected across 360º are known (Kak and Slaney 2001) .
In the case presented here, the line integrals can be assumed to cover the whole thickness of the sample because the sample thickness is entirely contained within the scatter volume length: using trigonometry, the latter was calculated to be 30 mm. It must be noted that the The attenuation coefficient map was obtained for all samples based on two diffraction tomograms obtained at 1.1 nm -1 and at 1.6 nm -1 , respectively. As shown in the quoted studies related to this momentum transfer range, the diffraction pattern from adipose tissue has a peak at 1.1 nm -1 , whereas other tissue types give rise to a higher signal than adipose tissue at 1.6 nm -1 . Hence, by setting two appropriate thresholds at the two momentum transfer values it is possible to discriminate the adipose tissue distribution from that of other tissue types. Based on this fact, a distribution of attenuation coefficients was generated for all spectrum channels, assigning to the adipose tissue area the attenuation coefficient of adipose tissue for the corresponding energy as calculated from the XMuDat software (Nowotny, 1998) and to the area corresponding to other tissue types the attenuation coefficient of water as calculated using the same software. Water was considered an acceptable approximation, as the maximum difference in the energy range of interest between the attenuation coefficients of water and those of fibrous tissue and of infiltrating ductal carcinoma (IDC), as published by Johns and Yaffe (1987) , was found to be 1% for fibrous tissue and 4% for IDC, leading to maximum differences in attenuation along a 6 mm path (maximum length to be crossed by Xrays) of 0.6% and of 3.5%, respectively.
The above described procedure was considered to be more effective than the collection of separate transmission tomograms and the extraction of attenuation coefficients from them, as the latter procedure would have required sample repositioning and hence the use of image registration algorithms.
In the adopted method, the segmented transmission CT images are intrinsically co-registered to the diffraction ones.
Depth response correction
The depth response of the system, related to its geometrical characteristics, was obtained by scanning a thin scatterer along the direction parallel to the primary beam, measuring the total scattered intensity and by fitting the experimental points with a third-order polynomial. The result is shown in figure 3 .
A simulation was carried out to prove that the effect of depth response on the reconstructed image is negligible. A uniform object was simulated within a matrix the same size as the reconstructed images. The object was rotated; at each rotation step each column of the array was multiplied by the depth response of the system, and the resulting matrix was projected into a line of the sinogram. The sinogram was reconstructed using filtered backprojection and the resulting image was compared to the image obtained by reconstructing a sinogram obtained without depth response correction. Figure 4 shows a profile across the central row of the reconstructed images, proving that the effect of depth response after filtration and backprojection is negligible.
Data reconstruction
EDXRDCT data were processed according to the following procedure, based on an IDL Graphical User Interface (GUI) for data entering and display: -A tomogram is reconstructed for each spectrum channel using the procedure described in Section 2.3.
-The user selects a region of interest from a tomogram at any of the momentum transfer values; the program automatically calculates the average intensity in the same ROI for all tomograms, each one corresponding to a different momentum transfer value. The diffraction pattern for that region is the plot of the average intensity vs momentum transfer. In this case, region A corresponds to adipose tissue and region B corresponds to well differentiated cancer. In this case, the two regions are not simultaneously visualized in either image due to the large difference in the scattered intensity from these tissue types. On the other hand, fibrous tissue and adipose tissue (figure 5) are simultaneously visualized at 1.6 nm -1 due to the smaller difference in their diffraction patterns for that momentum transfer value.
Results
Images and histopathology sections
EDXRDCT patterns
A total of 23 EDXRDCT patterns was obtained as described in Section 2.3.3 from all regions of interest identified in the images. The group of curves for adipose tissue shows a larger variation in intensity than the other groups. This is related to larger variations in density, resulting from the higher compressibility of adipose tissue compared to fibrous-type tissue (Stavros, 2004) .
The statistical significance of the grouping of the diffraction patterns in five families was proved by Principal Component Analysis (PCA) using a standard multivariate analysis package (Unscrambler; CAMO, Norway). The scores plot for the two first principal components is shown in Figure 8 . The residual variance after one principal component was 98%. Hence, one principal component is sufficient to describe 98% of the variations from one set of samples to another: this is reflected in the fact that samples of the same tissue type have a close vertical alignment in the scores plot. Also in this case, the largest data scatter is found for the adipose tissue set, reflecting the intensity variations discussed above.
The average curves of all groups are shown together in figure 9 . The data have been smoothed using Savitzky-Golay filtering (Savitzky and Golay, 1964) for easier comparison. Although
Savitzky-Golay filtering is recommended for noisy data with sharp peaks, not present in diffraction patterns from biological tissue, this algorithm was used for uniformity with the typical procedures for X-ray diffraction data processing. It must be noted that two different patterns correspond to cancer: one corresponds to poorly differentiated infiltrating ductal carcinoma (IDC) and one to well differentiated IDC. Figure 10 shows a comparison between two histological sections of poorly differentiated IDC and well differentiated IDC, respectively. Their different tissue structure is reflected in the difference in the XRD patterns.
Discussion and conclusions
Although several authors (Kidane et al, 1999; Castro et al, 2004; Geraki et al 2004; LeClair et al, 2006; Ryan and Farquharson, 2007; Oliveira et al, 2008) have proved that a different diffraction signal is achieved from normal and neoplastic breast tissue in the momentum transfer range 0.5 -4 nm -1 , there are few data about identification of different lesion types. In this study, the diffraction patterns of different lesions have been investigated using EDXRDCT.
The main advantage of CT compared to planar diffraction analysis is the possibility of separating the contributions from details placed at different depths within the sample, thus allowing more reliable characterisation. This appears particularly suitable for the characterisation of larger samples, where the overlap of different tissue components is unavoidable.
The technique proposed for EDXRDCT, consisting of extracting XRD patterns from energydispersive tomograms, can be used for material characterization in other fields where different components may be overlapping in a sample.
In the present study, no correction for Compton scatter has been applied. This should in principle be needed because Compton scatter becomes important compared to coherent scatter in biological tissue above about 20-30 keV (Nowotny, 1998) . However, the goal of this study was to prove the feasibility of tissue characterisation in terms of its histological characteristics, for which the procedure adopted appears effective because Compton scatter forms a non-structured background. Corrections for Compton scatter would be needed for larger samples and in studies aimed at characterising the molecular and sub-molecular structure of samples, as the Compton background may alter the relative height of peaks.
For similar reasons, polarisation corrections, likely to affect the highest energy components of the spectrum were not applied. Moreover, because of the low scatter angle involved for the present experiment, it was found that even the largest absolute value of polarization measured by Olsen et al (1978) would only bring a maximum correction of less than 0.5% to the highest energy components.
It can be seen from the EDXRDCT patterns in figure 9 that the spectral components carrying most information are centred around 1.1 nm -1 (adipose tissue peak) and 1.6 nm -1 (fibrous tissue peak). Comparison of the scattered intensities at both these values of momentum transfer allows discrimination of any of the tissue types studied, whereas the measured intensity at 1.1 nm -1 alone would not allow the discrimination of poorly differentiated cancer from well differentiated cancer and that at 1.6 nm -1 alone does not allow the discrimination of benign tumour from well differentiated cancer. However, the use of the full pattern, rather than of selected momentum transfer windows, would be more reliable in the case of statistically poor data: in this way, fluctuations affecting a single component of the spectrum would not prevent classification.
For instance, in the case of a comparison between benign tumor and well-differentiated cancer, even if noise caused the intensities of the two patterns at 1.1 nm -1 and 1.6 nm -1 to overlap, the averaged intensity between 1.5 and 2.8 nm -1 could still be lower, with statistical significance, for well-differentiated cancer than for benign tumour.
The predominance of the two above mentioned momentum transfer components in describing variations between different tissue types has been observed by several authors (Kidane et al, 1999; Ryan and Farquharson, 2007; Oliveira et al, 2008 to include those who have addressed different type of tumours). A quantitative comparison is difficult due to the likely differences in the experimental set-ups used (for instance, different angular resolutions are likely to affect the peak width and height), to the exiguity and sparseness of data available for non-adipose tissue types and to lack of information on some experimental set-ups. A qualitative comparison shows a good agreement of the present data, in particular for what concerns the changes in the 1.1 nm -1 component from benign tumour to cancer, with the data published by Ryan and Farquharson (2007) . This is not observed in the data published by Oliveira et al (2008) ; however, the information provided by these authors regarding sample preparation or data scaling for different samples is not exhaustive, and differences may result from contributions to the diffraction patterns of different tissue types. The shape of the curve for fibrosis also matches that obtained by Ryan and Farquharson (2007) for fibrocystic changes, but the relative heights of these curves compared to that of adipose tissue do not match. Also in this case, more information should be needed on the experimental set-up.
Moreover, it must be pointed out that this work was not aimed at providing an absolute measurement of linear differential scatter coefficients, but rather at proving the feasibility of on-line tissue identification using XRDCT with a view to automatic classification. For this reason, corrections for Compton scatter were not applied.
The differences in the diffraction patterns for benign tumour, well and poorly differentiated cancer are related to the different mechanisms of growth for the different lesions. The low level of the adipose component in the benign tumour pattern, also observed by Ryan and Farquharson (2007) , is related to the larger fibrous component associated with the development of the benign tumour. On the other hand, cancer can still be associated with the presence of fat since cancerous cells infiltrate pre-existing adipose tissue, and may not be associated with a fibrotic reaction.
Poorly differentiated cancers are frequently highly cellular with little fibrotic stroma or adipose tissue. The fibrous structure has been largely lost, as can be seen in Figure 10a , and the fibrous peak in the diffraction pattern is therefore depressed.
The main limitation of the EDXRDCT system described, based upon the first generation CT geometry, is the long acquisition times needed. There are several options for reducing this limitation. One is the use of faster detectors, such as Cadmium Zinc Telluride (CZT).
Although CZT is characterized by poorer energy resolution than HPGe, the presence of relatively broad peaks in the diffraction patterns of biological tissue suggests that the high resolution of a HPGe detector is not required, and that the resolution of CZT (typically up to 2-4 keV FWHM in the energy range of interest - Dedek et al, 2007; Veale et al, 2007) is sufficient. Moreover, the contribution of energy resolution to the broadening diffraction patterns obtained with typical energy-dispersive systems is smaller than that of angular resolution (Pani et al, 2009 ).
Another option could be the use of detector arrays coupled to appropriately designed multihole scatter collimators, matching the beam divergence, allowing the simultaneous acquisition of one profile.
Further work will be done on these aspects, on the improvement of spatial resolution (by using finer collimation and a finer sampling step) and on the improvement of sample positioning, thus obtaining a more accurate comparison of histopathology and EDXRDCT.
The technique presented has high potential for the diagnosis of breast cancer. The possibility of discriminating cancer, fibrosis and benign tumour, as well as the feasibility of cancer staging (discrimination between poorly differentiated and well differentiated cancer), appears particularly promising, in that neither of these tasks is feasible in conventional imaging.
Further studies will be conducted on systems with improved spatial and momentum transfer resolution, and with larger data-sets, to assess the feasibility of characterizing more lesion types, including pre-cancerous lesions with varying prognosis, and to identify any other momentum transfer components carrying information for this purpose.
Although an in vivo use of the technique is not immediately feasible, XRDCT could be used as a biopsy aid for analysing ex-vivo tissue samples. The technique could be coupled to segmentation algorithms and statistical methods, such as multivariate analysis, for automatic identification and classification of lesions. The procedure would allow fast characterization of specimens both in a histopathology laboratory and in the operating theatre, and could ease the workload on health service staff. 
